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ABSTRACT

A method to obtain quantitative information directly from a

Schlieren image is investigated. Using the exact timed format of the

video signal, the television raster is vertically scanned at a pre—

4 
determined position and a sample point taken on each of the 525 hori—

zontal lines. Using digital techniques, voltage displays corresponding

to the black-white scene information are presented on an oscilloscope

and plotted on an X-Y recorder. A single calibration curve gives

relative sound pressure measurements. The results are compared for

high frequency transmission and reflection from a thick steel plate.

In addition, optimum optical arrangements and source configurations

are discussed. 
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- r h t ern ~ct Sd . bOS h O  inc r ( 5 , 1  o~ ly i t ~~~~ iS the inter —

I cion Or c i - i ~- r w , I ’ - r  - i c oU ~;t iC  w c~~- s ’ ~ 1t ) ,  comp r-- x s t r u c t u r es .  n pest

love . .g~~tions mccu- :tic if l t~~~ ~~ ‘; c I t t.a h a v e  been ;h tu ~~r iec ) by hydro—

~~~~~~~~~~~ T~~ fl-ct thl techn i lue mea c  ires the sound pressures at

- ScsI ~c I r I c s  in a .cun ~l f i e lc i  In order to  cbtui n an under—

-. t s r J m n  of  the ~orr .~ 1€ - x i t - .- of an in teracting ,ourc d field , a la r ge

curober  i f  I n e a s u r  er n e n t s  h-S ye t o  be taken and trs results a.nteroolated.

) r  has hL -corne veto costly to conduct th e se -  l a r g e — s c a l e  e x p e r i m e n t s

c—d e’::c c c planning is oni’,’ possible if the investigator knows what

~~ so~~r : h i n ~ :or . Thus model experiments have become very valuable

-~rO in rn -ic c inst arlce— , prov ide 5.rivestigators with an accurate visual

p1:tu:€ of the phenomenon under study . Model experiments using

ier rn methods have become increasingl y useful since these require

a r n . o c r n u r r i  of preparation and expenditure.

Ir is thesis describes an investigation aimed at the utilization of

the acoustic Soblieren system as a sensitive tool to ‘imsualize complex

~:und f:elds. An additional objective was the development of a method

icic kl y obtain quantitative information on the pressure distr~but~ons

1.rectl y iron a Schliezen image without the use of films or photo-

m s - j t m c I i e r  tubes. It should be noted however , that this thesis does

ni t deal with the theoretical background of the Sch,Lieren system.

Ac cus tmc interactions which lend themselves to visual experlmentai

rn c c’hoc i s cn: ’ l ude : 

-~~~~~~~~ ---~~- - — ______
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1 k - t l e - : t i - ~ and transmission ot acoustic beans by plat es

2 - U i t  t I - 1 1 dl

3 -Transmission throug h welded joints

4. Acoustic effects u f  plate : with welded ribs

5. Transmission and reflection from concentrcc cylinders

6 Acoustic scattering by prolate spheroids .

t h e  above are complex interactions which do not easily yield to

anaiytical treatments , and in many cases even qualitative knowledge is

lacking . Thus these interactions have become ideal topics for analysis

b~ an acoustical Schlieren system.

Previous Work

Early literature provides many examples of the uses of Schiteren

u chn iques. Following its initial development by Toppler (1867), the

5chl~ eren method has been used extensively in the research of high-

cj>eed gas flows and applications in the study of acoustical problems

dates back to the mid 1930’s. Since then , the Schlieren method has

beenì used by B~ r (1936), Giacomini (1938), Hiedemann and Hoesch t19 37 ,,

Hiedemann and Ostermmel (1937), Parthasarthy (l936a,b), Seidl (1948),

WL .Liard (1949), Barnes and Burton (1949), Straub (1947) , Barone (i950),

arid others in the study of problems ranging from vibrating quart2

crystals to reflection and transmission from numerous complex structures~

~An outline of many of these publications can be found in Bergmann

(1954) 1 . Typically, these studies describe the standard Schlieren

setup , but they do not contain discussions relative to the construction

of the system for optimum efficiency, nor do they make any attempt to

gather quantitative information .

~ 
- -. 
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N eu b a u e r  and I i i  a ;utii tt e (19/l i , f u v i -  - d l i  1 . 1  1 .-r ho ) - t i s -  rn , - .t

n-~t d  r . c en t  ro-- earch in a-c - - ’u - u  i - i l Schl i - r e - n  vi . o o i iz a t i o n .  b -~ u . l n g

Schli’- r .-n r h c t o ; r a j .h - ;  and mot ion ) . i t O r e s , 1 . ,’ 1 - 1 , - I t i f  i ’ d  the v a r i ou s

- mrnI~~rcr t tot and cur  f~~c~ - c i e e~~i n r ;  s-~~’.’e .  t S c t t o i l :  r e r r . ’r a t ed  by

cv i  r l .  r ~‘ritch r d ~~ b t - -~ i r i : ; o r i f i e ’ l . Lot  , )) r - 1 4 o r ~~- t t . -  ( 1 9 7 2 )  used  the

~ame m~~r S o- i t i .  stud ’;  sou n d t r u r s  mission t ( , r i ,u t h  c h i t  - l o t ’ - : . Sc h i t e r e n

S ; - ~ .-pj5~ .~~ ~ e-ubou -r  and Ura~;oner te ~1 ~ 1 3 )  tic demonut i  a t e  tie

- - t n e  of R a y l e i - 3 h  waves and to c,a1-c~~1-ote t~~ . ir phase v e l o - c i t  ~ -

However , intens~~tv :nea5urements ma-ic by the~ e researchers wer’ acc - cm-

c l i~~he d through the use of ll’/ d r o ) r lo r s i .  T h e y  a l so  made l i t t i e -  e f f o r t

discuss the qualities of tne-i r lchlieren system.

Eff orts to gather quantitative data d ire c tly from a Sch lis reti

image have not been altogether -u ccc-- - ful. Most attempts are rec~~r t ~~d

in  5,.csian literature. In most instances , the -rcur .tltative inform.~-~t io n

sas gathered through the use -of photometry Korol ’ v (1937) and

Ba z hu~~m n Sc948) used the  method to measure  the absorpt ion  of sound

~ r- - e s in air and water. In these stud .es , it was assumed that the

sou nd and Lrght intensities were linearly related and i t  wa t h i s

,.a~~uIn r , t r o n  t h a t  cast doubt on the r e i i a bi l i ty  of t h e i r  measurements

In a recen t paper by Smirnov , Kheifets , and Shenderov (i973,, ~

quantitative method is described which, aichough i t uses photometry,

takes into account the nonlinear relationshi~ between the sound

jr o—sure and the image illumination , However , this method doe-- ri y t

enable quick and reliable quantitat i ve determination s . In addition ,

). r :ot.~rn - exi st With the film calibration on ) the crit i . 1  dcv A m - I t

r e - i j u i r ements  needed for consistent rt- ~~u its .
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F rrio ll v , a ; t u, iv  of Bucaro , Flax , and Dard y (1976) attempted to

i - ,. cm }- ut.-r—generated inter .ity t u n i : t i o r i s and a photomultip lie r—

pinhole rec.c rdiny device t ) ,btol fl quantitative Schlreren data. 
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II THEORY OF LIGHT DIFFRACTION BY UITF’JtSOU))U

UI iterent Treatments of thc- Theory

In 1932 , Debye and Sears described an experiment in which a plane

beam of monochromatic light from a distant slit was normally incident

on a fluid-filled cell. The conditions were such that the medium was

homogeneous and isotropic , thus allowing the beam of light to ~acs

undeviated through the cell. The cell was then normally traversed by

high-frequency sound waves. The result was a stratification of the

f l u , -d i nto regions of varying  r e f r a c t i v e  index.  The l igh t  emerging

from the cell consistec~ of various beams traveling in different direc-

tions with respect to the incident beam . Experimentally it was found

that these beams were at ang les given by:

sin 6 ~4- N - 0 , 1 , 2, 3,...

S~ ri-:e this initial discovery, numerous investigations have been

-ondertaicen in an attempt to clarify the above observations. The

e a r l i e s t  comprehensive treatment was by Raman and Nath (1935a ,b, 1936a,b1

which described the phenomenon by considering the high-frequency sound

beam as a phase grating and pictured the diffracted light in terms of

phase changes cncurred while traversing the sound beam.

Since the Rainan—Nath publications there has been considerable

ef f o r t  to add to the original theory . In many cases, the methods are

much more sophisticated making use of new and advanced techniques. Ray

and phase theor ies have been developed and exact methods of integration

attempted .
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In  1-3 51 Nomoto presented a geometr ical  theory of l i gh t  d i f f r a c t i o n .

( ! )w~~~V . -r , due to the nature of the approximations he was able to produce

-th y the broadest features of the exact treatments. Later , Nomoto and

~.- ;i ~- hi (1965) devised an analytical expression for the lntensit 1 dis-

tribution of the diffracted spectra produced by a sawtooth wavetorm.

br~,ct~~o and Noble (1953) presented a most interesting approach to ultra—

~on~~c Lqnt d i f f r a c t i o n  when they formulated the problem into a ser~ c-s

-
~~ .rlte - dral equations and used a perturbation solution .

Hiedemann and Zankel (l96]j discuss the different methods by which

the waveforms of ultrasonic waves in liquids may be studied. Klein ,

-o c mK , and Mayer (1965) formulated th i s  problem in terms of d i f f e r er ~ce—

different al equations and used these equations for numerical evalua-

ti ons In addition , a general geometric treatment can be found in

Born (1965) Further examination of the literature reveais numerous

c- h e r  r e l e v a n t  publications. For example, Willard (1949), Quate ,

W~.lkinson , and Winslow (1965), Klein , Tipnis , and Hiedemarin ri965),

Kang and Young (1972), Pierce and Byer (1973, , and Neeson and Austin

‘19’5 ) oil attempt to reveal different aspects of the light diffraction

theory Finally, a book by Berry (1966) deals comprehensiveiy with the

same subjects

A Sim pmc fied Treatment of the Theory

For this investigation it is assumed that the sound pressure field

produced in the fluid cell originates from a purely sinusoidal plane

wave Specifically , this means that the transducer operates in or close

to its 1~ near region and this source produces a purely sinusoidal

variation of the index of refraction in the fluid cell. Further , it is 

- - - - - --- 
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assumed that the waves are progressive . With the present state of the

art ci  transducer and electronic design , these conditions are not

d i t tic u l t to achieve.

A typical arrangement for the study of ultrasonic light diffraction

is stios’ri in Figures 1 and 2. The light source, Sl, is focused by the

:riJensi ng lens , Li , onto the pinhole P1. After passing through the

inhole the light beam is expanded , collimated and allowed to pass

throug h the fluid-filled cell. The light is then focused by lens L3

-onto a ~los~ plate located at the focal point of the last lens. For

the purposes of Schlieren imaging , a spatial filter located on the

H (ides plate , S2 , is used to block out the image of the light (discussed

in greater detail in Chapter IV)

The t r an sduce r , Ti , is located so that it produces a sound f ie ld

perpendicular to the light beam . Without the sound beam, the only

image on the glass plate is that of the light source. However , when

the sound beam is present a Fraunhofer diffraction pattern , similar to

that shown in Figure 3, appears on the glass plate .

The wave equation which describes the propagation of the electric

field in a region free of current and charge and where the index of

refract ion various slowly with distance , can be written as (Skudrzyk ,

1971)

[p (x,t)J 2 
~~E (1)

~t
2

The variation of the refractive index in the region of the sound

field can be expressed as:

p(x ,t) = + Ii ’ , (2 )
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Cell

(a)

Sound

— Fluid

______ 
Cell

Ti

(b)

Figure 1. Schematic of optical arrangement. (a) Sound beam off.
(b) Sound beam on with diffraction orders present.
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Figure 2. Diagram of the ultrasonic diffraction grating .

where V is given by the Fourier series

= p . sinlj (w *t — k*x) + 6 . )  . (3)
j=l 

j

The solution can then be written in the form :

E = ~(x,z,t)exp i(ct 
- p 0k•r) , (4 )

where the exponential describes the propagation of the light beam and

ij (x ,z,t), the effect of the sound on the light beam . Then , repre-

senting the x—direction variation as a Fourier series , equation (4)

becomes:

E = 

~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~ — p 0i~
.
~~)] (5)

cx)

= 

n!.cx~ 
~~ ,t)ex Ei(wt - k .rfl , (6)

~

-----

~ 

~~~~~~~~~~~~ - - - --- -~~~~~~~~ - ---- - - ~~~~~~~- - ~~~ - - - ~~~~~~~~ - - - -
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Figure 3. Typical photog raph ~t U :  tu a  d i r  f r  a c t i o n  ct r a .
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with

k r  = p 0k(z cos x sin 0) + n k x

and 
~ 

describing the variation in amplitude of the light beam across

the sound beam .

Th u s , wi th  the small change in refractive index due to the sound

beam (p ’ = l0~~ ), and assuming a solution of the form given in equation

(6), it follows that :

+ 2p 0 p ’

= + i~~0 
~ 

p ~exp [i[j(w*t - k*x) + 6 1 1

- exp [_i[J(w *t - k*x) +

and the wave equation becomes:

— F~ 1 — —
— [2ip k cos 01 —~—~- f — [(nk * + p k sin 0)2 + (p k cos

- 2  0 0 0
L I

= - p~k
2
~ ÷ ip 0k

2 

j~~l 
~~~ 

~exp(i(jw*t + 6
k~~

— exp (-i(jw~t + . ( 7 )

In order to arrive at the required solution , it must be assumed

that 
~ 

is a slowly varying function of z, and with ~~~~- << 1

P k— ~2 0 ~z
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I’hu~; t o r  I i , l r .- s s  i v . -  sound wa’j.-:-, prrcpa (a t  ing at normal irict’lerice

- ‘~~~~~~- lidh i S -am and with the time variation of ‘ determined by the

- of t h e  r , ’ind beam :

ri~~~~
t) = : (z)exj, (lrh *t)

o:i-i if there is only a j = 1 t e rm  in equation ( 3 ) ,  equat ion ( 7 )  becomes:

n -c
d z 2L r -  I 

- 

n t l  2L J Th

w i t h

= O ko L . (8)

r --f- r ’ c , l Oot ion ( 6 )  becomes:

= - (z)expih, (c .  * ro * )t — k •r) ~ . (9)
n n

= — -

I f , i S re).r’-~ ents a system of plane waves with wave vectors kn 
time

~i ii€d er idi.rt amplitudes 
~ 

, and angular frequencies ( 0  + nuJ*) . The

i c l e x  ri r e f e r s  to the  n th  Fraunhofer diffraction order ,

The Parameter

The sol ut ion to equation (8) depends on the parameter Q, with the

cuant-itles that determine Q normally fixed throughout the course of an

experiment. However , since Q has a quadrat ic  dependence on f requency

its value can extend over 4 to 5 orders of magnitude . Over this great

range  the  d i f f r a c t i o n  phenomenon goes through var ious  stages. Thus ,

~t becomes necessary to address the problem for three different cases:

ci < 1, ~ 
= 1, and Q >> 1 (Klein and Cook , 1967). This investigat ion

-
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1~3

only ~5n ,  x ’ t n e l  W i t b i  t r i o  r l - ] 1 ’~ r i O U r i : - iS t ’ ’t i t  W i t s  ma~~o r y  -luorititati ve

measut c-mI-ri ’ - - - — th e  Oi i s I -  when ~ 1, or the Raman—Nath r e~~ior i . . Only

br~ ’-: :n’-rtion will be made of the other two rc-i ~I ons .

Tnus :~~r ,- ~~< 1 (f - ar a 2 Mhz sound beam 
~ 

= 0 . 5 2 5 ) ,  equation (8)

beco m e s :

dz 2L H:-i - 

~n+l~ 
= 0 . (10)

Using t :--5i. :j ’ - r , t i t o -

dJ (x) r— -i
-n 1 ~(x) 

3
(x)

2 —(n—i ) —(n+l)~

o t i S  trio following boundary conditions

(0,t) = 1 , ~ (0,t) 0 if n � 0
n

gives t r i o  solution to equation (10) at z = L in the form :

= J  (\))
n -n

Here 3 (~2)  is the nth order Bessel function of the first kind .
-n

The intensity of the nth diffraction order is then given by:

I = (~ ) 2
n n

The parameter \ is known as the Raman-Nath parameter and is a

measure of the degree of phase modulation produced by the sound beam.

This phase modulation can be determined by investigating the dependence

* *of E , at Z = L, on the phase variable (w t - k x).

Equation (9 )  can be wr i t t en  in the form :

E = 

~~ 

J (V)exp (in[o *t - k*x])exp[i (ot - p 0kL)]

- -- ---- -- - --
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* *
/ J (,)si rt n b u t — k x )

= ~~~~~~~~ T° 
. (11)

nh, *t - k*x)

U s i n d  th e  d er t i t i e s

sin (z sin i i)  = 2 L 3
2k+1

(
~~

51
~~ 

2k~~1) s .}

cx)

cos(z  sin ~i )  = J0 (z) 2 L
k= 1

--lua t c- j r~ (11) becomes:

ta r, = sin [v sin (~~*t — k*x)]

cos 1~c si n ( o *t - k*x))

t :, en

= ‘-2 sin (0~ t 
— k*x)

i n u s , t m e  l~~-jh t  is modulated in phase with the light intennotces for

sn -o ral diffraction orders shown in Figure 4.

The main features of the light diffraction theory are (Klein  and

Cook)

Many diffraction orders are observed and are a function of
the  Ramari-Nath parameter  o

2. At normal incidence the diffraction orders are symmetric ,
I = 1
n —n

3. The angular dependence is such that the maximum diffraction
w i l l  occur at normal incidence

4 The l ight  in tens i t ies  in the nth positive and negative orders
vanish together as V is changed
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Figure 3. Light intensities of several Fraunhofer r,)c-i - r e u s  the
variable V under Raman-Nath conditions.
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5. ‘i’h~. i n t e n s it ’, w i l l  be symmetric  around normal ino~ der ise

6. All of the above is only valid as long as the width  of the
sound beam is small compared to the width of the light beam.

As increases tisc re is no longer a simple solution to the differ—

entoal ‘ - ~uations. Therefore the diffraction phenomenon can no longer

bc  d e sc r i b e d  p u r e l y  by a phase modulation . As 
~ 

-# 10, the diffra ctoon

e f f - ~~t at normal incidence completely d isappears .  This is an area

where Bragg diffraction is dominant The orders are no longer symrnetr :o

and the m a j o r i t y  of l ight  appears in t h c -  zeroth and first orders,

The Variable v (the Raman-Nath Parameter)

The va r i a t i on  of r e f r a c t i v e  index produced by a sound beam is

re la ted  to the sound pressure by the Ekrnan equation :

(p — i)()o~ + 1.4 -~ 0.4)
p

2 + 0.8 U 0

Son-c e

fo r  water the relation becomes:

P = ~~~~
L

or -

v = ~~— io
9

L 

in order for the diffraction effect to be described by phase

rns du ~ at i o n , th~ Raman—Nath parameter must f a i l  in the int erval

0 < V < 2 4 ( Smirnov et a l . ,  1973).  
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~ri Sch I ieren v i sua l i za t i on  t h e  i nu ns i t y  of the i mo’~ - is a r’-sult

of the interference of all  the d i f f r a c t  ion  do-c t r a 1,roduced by hi-

~-cci rid diffracted light. This can be expressed a : :

However , in Schlieren visualization a spatial filter is placed on

t h c  -~ lo~ - f-late S2 (Figure 1) and effectively blocks out the zeroth

o r d e r .  The i n t e n s i t y  is then given by:

I = 1 - l,~~(r) = n ~ 0

The l i g h t  i n t e n s i t y  is now expressed as a nonl inear  func t ion  of

t he  Icaman—Nath parameter and it is only in the region where  0 < V < 2.4

tr:at a single valued r e l a t i onsh ip  between the two quant i t ies  exists .

A t~ pLza l curve is shown in Figure 5.
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Figure 5. )mac;e intensity as a function of tN -  Rarnan—Nath faromu ti ’r
(Smirnov et al., 1973, p. ~~~~- ( ) .



III. ELECTRONICS

Imaging S~~ c t € I f l

rn order to develop a fast and reliable Schlieren system some type

cf i m a g i n g  and data sampling method had to be selected. From past

:oit= it was clear that although photographic film was usable , it had

Lmitotions because of the special care needed in the photography and

d-= t- e’ioping processes, and thus  did not l end i tself  to the pr imary

obje ~ t ive of th is  investigat ion.

Other methods considered were the  photocell an~ the f l y i ng spot

c-ca nn er , but agai n they did not appear to be suited to this study

It  w a s  f i n a l l y  decided that  the appropriate imaging device would

be a closed circuit television camera (CCTV) . With its assorted

e l e c t r o nics , such an imaging device would best meet the needs of t h i s

- - - i ~~~-ot ion Some of i t s  obvious advantages are:

1 inexpensIve , easily available

2. - o mf o c t

3 logh sensitivity

4 W .de range of associated electronics

S Timed format of the output signal.

A discussion of the aspects of the CCTV camera and its composite

0ur1,ur signal follows .

i’rd .-con Tube

The pr imary component of a closed circuit television camera is a

I. ht— ccen sltive receiver and imaging device called a Vidicon tube. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~-— - —— - - ~~~~~~~~-~~~~~-——--- -
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The V L c i o :on tube , shown in Figure 6 , is r e l a t 1V e ly  s~ mj~ie and cons. t .

: t ::o~~i ~1v ~f a photosensit  ive t a r g e t  p la te  and on c l , - - t r o n i  su n .  An

t il O I r i d 4 c c  is focused on the  t a r  j e t  p la te  p r o d u c i n g  a ’  har je image

wui ch ~s 
- -~ -inn ed by the electron beam .

The tar jet j~1at~ consists of two different layers: (1) transparent

f:lm ci condu ctin-j m a t e r i a l  coated on the inside surface of a glass

t O I r  ( l O t - c which serves as the signal output connection for the camera;

~nd i 2 J a thin coating of photoconductive material , generall y selenium

or antimony, on which the charge image is formed .

The photoco nducting layer is a thin insu la tor .  The image side had

a dark :urrent resistance of 20 megohms and is at a potential of 40

volt. - w t )  respect to the cathode . Thus , the potential at each point

cO the gun side of the photolayer depends on the target ’s resistance to

the signal plate voltage Since the resistance of the photoconductive

c - U i  l a ce  decreases w i t h  the amount of light , wh i t e  light produces areas

cr l ow r o - - i s t a nce and po tent ia l s  close to 40 vol ts ;  da rk  areas have a

high resistance and a lower potential. The result is a pattern of

fccSitlve potentials oa the gun side corresponding to the optical image

0 - c C f l  by the target . This charge image is then scanned by the electron

be am

The primary components of the electron gun are a heated cathode ,

an accelerating grid , and a focusing grid. Deflection of the electron

beam tar scanning is produced by horizontal and vertical deflection

coils in an external deflection yoke. A wire mesh grid is placed close

~ O) the target and held at a potential of several hundred volts, This

- -  - - - -
~~~~~~~~~~~~-
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Target Connection
20 to 45 Volts

Alignment
Coil

Accelerating Grid
Focusing /

Target Coil // Cathode

Light 
__________

Image

Focusing Grid
Glass
Plate Horizontal and Vertical

Deflection Coils
Mesh Gri d
250 to 300 Volts

(a )

Signal Plate + 40 Volts Camera Signal
U

.> 1 Photo-

_ _ _ _ _ _ _  

Layer RL
White Dark ~ K

R=2 M~i I Rc-2OM~
Electron
Bean-i

Cathode of
Electron Gun

(b}

F i rjur ( 6. Vidicon ‘‘ inc r.i tube . (a) Coiist : cci - t ion - i t s )  i -~ i i )  iniq
vo l t - i-;- ; . (b) Niqn - i I c i  i c - u j t  for ~:am - t , i  s iq nal c c ; i t ;  u $ of
Vidicon.

~ 

.- ~~~~~ -



‘ -. — - 
~~~~~~~~~~~~ 

_ c - , ’ _ -- - - - - —  
_______._ ~~~~_ —

~ 
. - ‘ - - - _ -

22

l , - -~ - 1 e ru t i-: , the elect rot b.- ,irr; so t h a t electrons can be deposited or,

h~ cl,a r cjc :n~ i ’ p-  wi th _ ci t producing  c- ’’cr id ar ’j c-mi ssions

When or image is focused on the tar cjct , ‘o h  point on the gun ~~,dc-

hi - harq€ ’ m ade’ is at a differ en t positive p o t e n t i a l .  L l e otnon :-.

r- ,m ite- n -am ore -Ic-posited on the photsiayer ’s surface , thereby re—

dusiri d th i- ;-o- - ;itlve ot cntia l towards the cathode voltage of zero

This coon ’;- - in ~ot :-ritial causes a signal current to flow in t hc: signal

c-~us c~ rcu~ t arid produces an output voltage across R
L ~~~~~~~ 6W.

For b loc k areas the photolayer is less positive and the result is a

mailer change i n  ti- c signal current .

The u~~iv, r aJ scanning procedure employs horizontal linear scanning

in on - -i d—li n e interlace pattern In the United States , this pattern

con--is ’s if  525 horizontal lines per frame repeated 30 t imes a sc-:cnd.

I’ ;’ r - : -- s is  shown in F i g u r e  7. Brieflj, the electron gun starts its

0 tr orri posit ~on A and scans horizontally across the frame with a

;elcc~ t - ,,- . At the end of a trace the beam returns rap idl y to

th~ ier ~ 5cJt of the frame and is ready to start the next horizontal

~c,r, As rh ’ beam - - cans horizontally, i t  also undergoes a s l i g h t

vi~r t o a 1  deflection which is slow compared to the horizontal scanning

r a t e . This  a i lo w s  many hor izontal  l ines to be scanned during one cycle

c . f  v e r t i c a l  scanning .

The beam is now at the left edge and is read y to scan line 3,

om i t t i n g  Irne 2. In this way , 262—1/2 lines are scanned wit h the

alternate limes left blank. The electron beam , at position B, returns

toe top -of the frame , position C, and s c an ~ the even i r n c s in a

,~~~~~~ - - - _  _ _
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A C
1 

—
. —

~

~~ ~~~~~~~—

— 
—

—

B B
Odd Lines Inactive Lines
in First Vertical in First Vertical
Trace Trace

1st Field 262 1/2 Lines

C A

2 —
~~~~~~~~~~~~~~~~~~

“

Frame
4 ~~~~~ ~~~~~~~~~ 525

Lines 

— — 
— 

— 
—

Even Lines Inactive Lines
in 2nd Vertical in 2nd Vertical
Trace Trace

2nd Field 262 1/2 Lines

i’~ iure 7. odd-line interlaced scanning procedure.

L
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:-,imi l~~r mor n -r , thus producincj th i ’ 525 horizontal lines which make up

Ore ft -in-

fh’~ t , j i i zcct i t a l  scanning takes piace at a freduericy of 15.750 Hz

o n ci t o~ v e r t i c a l  deflection fre - -;uen i~-y is 60 Hz. This cj~~vcs a compietc

r . - 30th or a 5ec-ond.

Ff ~.~- s.m~ -o5 it e Video S igna l

Tr,e - - o~ - -~~ - i t~~- v ideo s igna l  output from the CCTV camera is composed

- f rh~ three p a r t s  shown in Figure  8 As the f i r s t  l i n e  is c-carn ed ,

c a m e r a  s i g n a l  v a r i a t i o n s  are  ob ta ined  w i t h  ampl i t udes  c o n x e ~ pund mng to

the required pIc ture i n f o r m a t i o n , A f t e r  the scan is completed ari d th’-

beam is at the- r ight side of the  image,  a b lanking pulse cr.serted

- bring the video signal up to the black level so tha t  the r e t u r n  t r a c e

-z~~r be rcla rike-d cut. A f t e r  the beam r e t u r n s  to the left side or the

Ir n-o l i , c h -  blanking pulse is r emoved and the beam is ready to scan the

0 cX ~ lir~- - . Ats~~, a v e r t i c a l  b l ank ing  puise inse r t ed  at the end of ed~ t

V . c it l O o l  ~can blanks out the signal during v e r t i c a l  r e t r a c e  Super—

1 -rcc o ~-I or , to ;- of  ca-o h blanking pulse is an additional synchrcnczat. ion

p i~~- c. These pulses provide the signal for the electron beam flyback.

~ n a i ys~ s ~f the Composite Video Signal

The  a c E -  of a CCTV camera necessitated a method w h i c h  would  en ab ie

‘h i -  h and l cng  of a large volume of video in fo rmat ion . Even the  lea s t

~xpensive cameras can generate the equivalent of 60 million bits per

sec o nd , a volum e d i f f i c u l t  to process even wi th  today ’ s sophis t ica ted

- c ) T ; - t ; t  r facil~ tres. In addition , the 6 M! z signal bandwid th  posed a

problem .
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Sync.

- Pulse

Camera Signal Horizontal Sync. Pulse
for one Hor izonta l Blanking Added to

Line Pulse Blanking
Added Pulse

( a )

Horizontal
Blanking Pulse ~

— Camera Signal
Sync. Pulse

Voltage or 100 ~Current in
Percent ot Max. ~~~~ 

.

Ti me

______ 
1/15 ,750
sic;

(b)

F i g u r e  8. (a) The three com ;-nri-nt S of a video signal. (b) Composite

video s iqnal  for  t ) i r e i -  - i c  ‘ - c i t  iv ’- hor i oor,t J lines.
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r e  t o - s 0)  •- ‘;uipment used in t h i s  r n v i c l , o  ; ; ~~t i- in -~~ , - a It i cirnit icr,

~‘is 1el d (J2 i rur, S Ic-x. t }~c ’ - c o r  J r .  Th - . i :  r r cir;c -r t is p a r t  of a r - -~ cl ass

or r - a~~; c c - n t  -~-n i c h  use  - -co ; ~h i  t i o a t --J d i g i t - i l t e - O r , i - l u s s  to ri -co rn p r ’—

sel ect eJ  ;‘~- ;t  l irs - , of ana log  s ignals  . The re~ -~ r d i c d  s i g n a ls -o r e- h e l d  in

u n i t  • s rnc’mor’,- -and — o r ~ be r e -oo n ;- ct r i o n c c d  and di sp la 1ed ciii or o s ci l  i c—

- )~~c- ~r p l c c t t ~ - -3 on an X—Y re - cor d er. A basic c i r c u i t  des.: r~~c - o  I , O  is

S W n  1~’ I I Ju l  e ~

S ince  c o n i ’ , ’ ~ f i x e d  n umber o f ;-o. L o t -  ;11124) i -a t~ ho- ‘ ~r - i  in th e

to~~t o o i , ,  t r i o  t i m i n g  and - or it r o l  c i r c u i t s  d e t e r m r n e  t~~, r~~’e at w h i c h  t oe

ana io ; S l o c - i l  is - i l - l i t i z ed .  in e f f e c t , these c , r c u i t -~ ;- ~o i1y  ~ ;- o c :

the s a m ; - l e  p o i n t s  ove r  a i -r ese le c t ed  ;~o rt i cn  o~ t h e  i r : cm ir ~ c l - a n a l .

Th~~-~ ~r an- -ient recorder has sweep t imes  r a r ;i r i - 4  f r o m  50 Hz c .  o Mrc~

a ~ -~rcdv i ci th  of 500 Khz. It was this low h a r c c i s - i d t n  t r o t  ne-o- cc c tat - -3

to’ re - - ’- l c ;  to -n t  of a method to c-sm;-i;ess t i - s c  h i g h  J o t i rote or t r ~

S -c ; r, a 1

Tr is comj ression was made possib le by a new ; r o d u c t  deveio; ed at

Fo .ed ’~ r c P hr 1 b r ~~ck  — a Model 4855 u l t r a — n i g h  sr - c - e d  s ample—hold

am p l i f ~~’ r Th i s  device has a 6 Mhz b a n d w i d t h  w i t h  a 250 nsec a: r u , s i -

‘ . ‘r, t : m ~ - , thus making it ideal for high—speed signal sampling. The

~mp l~~r~,er samples and holds the peak value of an input signal at the

i t  is t r i g g e r e d .  When t r iggered  again , the am p l i f i e r  up d a t e s

i~ -elf wito the incoming signal and o ut ; -c i t s  the previousl y sampled peak

V d i i - I  in the form of DC values ranging from 0 to ~O volts.

A l t h o u gh the transient recorder has its own internal t ime base

c l o c k , it is not suited to the sweep times of the television signal.
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i t  - - , t O ’ - ~ 5 r  - r ~~ i l  c lock  w i c - . r y j ~oc;oe i and , a r ,  - xt c - r r ol j u i c e  W a - . used

.0  ) i ; i t i z . c  the i r i 2 - t f l i ! I J  i - ; ~ o l .

to c -It , ; t O S S  ris - - l-~ t i  rat - -~ f the video signal seen b-1 th e tr~~riscer t

I - - ~~Lj i  z , - . n- i s  necessary to use the timed format of  the t e l e v i s i o n ’ s

~r.k ir , ~cil 5-5 - t i c-se j o b -cc - s  yc -rs ’r i t o J  by t i - i - camera ’ s internal

- - ‘ at p - ri ’ - z a t o r  w Or e  o e d  t (
~c t i g y ~- r the sampl e—h o ld  amp l i f i e r  ~r -

-a - - . t r , e  ex t  ~r o1 t i t o c -  Lac i e  f o r  t h c -  t r a n s  ~~cot  reco r d e r .  In t h i s

W a , ’ t i e  s i  j n - o i O i f l - j  t -  t i e -  t r a ns  i c - i t r ocor  -ic-i had a f r e q u e n c y  of

iS .  750 H z , i . e . , tb h r  izorit-ol s-:c ririlrc J irequency.

Ii-owe ”c-r , i n o r d e r  t o  use  t i - , ’~ video blanking pulses , their format

i ’ c r ~.- oi  ‘ ‘ i r 1 . Fr - ti- t h e  t r a ns i e n t  r c - c— o rde r  and the sample—hold 

r e q u i r e  s p e c i f i c 1 - u l o -  f o r m ~~. The developed Vidico n scan

~~cn t  roll er is r c w r .  in Ficjure 10.

Ic ie telev c s i on  camera ’ s hori zontal  b lank ing  pu lses  were fed into

a p~~~r of ~-o~ “ -1 123 r o t r i g g e r a b l e , monostable m u l t i v i br a t c r -  Here the

0 0 1 - c- ~idtrc -sri d r i s e  t ime  were se t .  By us ing a potent iometer , Ri , it

‘~~-:i S pcss~ tcl e to  move t t s  t r i - jg e r i ng  pulse h o r i z o n t a l l y  across the

t~~lc -vi~~ion r a : - ; t c - - r These pulses  were then used to t r i g g e r  the sample—

r o i l  a i n p l i r i e r  arid served as the  t ime  base for  the t r ans i en t  r e c o r d e r .

i : a ~~~, the incoming video srgnal was sampled by the sample—hold

a m p l i f i e r  a t  the  h o r i zon ta l  scan f r e q u e n c y .

By t h i s  proc edure , shown in Figure 11, a point was taken on each

hoari zo rt - ci , l ine . The first point was taken at position A on l ine 1,

t c r r  second at point B on lire 3, and so on. These values were each

held by th e  sample-hold a m p l i f i e r  u n t i l  i t  was triggered by the next

0 -  rizontal pulse. The signal coming out of the sample—hold amplifier
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~~O c i  a J i  1 - c - signal w-~ th a b a r i d S ’~ c I t i - ,  of 15.750 Hz , i . e . , i t was a c- ;i - ;r ial

-~~~ ~~~ ~~~ - i - i t  i c - - c  in a v - i  ico l direction on the televisio n t o  t ’-r

i r i s  
~~~~ 

si ;r~al was J in to i ; . transient recorder and digitized i ’

i ) r  i zu t o  1 scan frc--juency

The remot y c a j O c i t - /  of the transient recorder was 1024 bits of

ir.for m it ion. The method of operation was such that it would work unt~~

t i - 5  memory was till ed , t ic -ri the digitizing would stop. The odd—

. 1 1  e r r - u s e  - s-a i r ing of t h e  t e lev i s ion  camera resul ted in a sampling of

t i - s  f~~r - ,t , t h i rd , f i f t h , e t c . , l ines ,  fol lowed by a sampling of the

5 l l - ~~n t e -r 1aced  l i ne s .  In t h i n  way approximately four vertical video

- - u r i s  ~~~ c i ~~ - plu cc-d in memory.

l n a d d i t i o n ,  the ho r izon ta l  b l ank ing  pulse was inputted to the

- line t},i;oucjh a CD 4003 integrated circuit. ThIs placed a w h i t e

vert ic a l t i n e  on t i - s  t e levis ion monitor at the posi t ion of the vertical

ra st er scan.  The v e r t i c a l  b l a n k i n g  pulse  which occurs at the b e g i n nin o

ct  c - -~~ i-~ se r i e s  of h o r i z o n t a l  s c 5 n c , -was fed into a SN 74123 and used to

- x t ’ - r n a l l y  t n  qer t i - c t -  t r a n s i e n t  r e c o r d e r  and thus s ta r t  the whole

Pr 0-~ e E S

1i-,er~ were ;c~~v - r u l  o-itj uts available from the transient recorder .

ur,e was i c - i  d i r e ct i  in to  an oscilloscope . Wi th  the  t rans ient

recot~i’r ’s c-~i t r ols ~e t  on auto and the trigger set on delayed sweep ,

a ;c o n t i n u - ~ u s  di s-;ic r, of the analog vertical intensity scan was thus

s — c a i l a b le ,  A change in the delay , controlled by RI, moved the vertical

l i it ’n si ty scan to a different position on the  raster and an updated

dis~~i-iy appeared on the scope.
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An ther - ut; Ut was 1 , 1  in t o  an X— ? r eorder . After the appropra at ’-

vert al i r t r i ; i t y  sear, was b c - s a t e d , t i - c  transient recorder ’s ann

~~~~~~ ii W I -  (ct to single , thereb y i - c l d i  nj in memory the  i n t e n s i t y  d i n , —

1 a /  ; ii - -ce r ct.c d on the scope . This  analog signal was plotted on the X~~

r c - - u or- - I ’ - r  ~, t  t i - c rate  of 0.1 sec/word.  A total t ime of 102.4 seconds

s a - - r~ - ; j i - j  5 )  p lc-t  the e n t i r e  memory . A r epresen ta t ive  d isplay  is

~~ i n Fi du ~ c- 12.

l i - s r c - i  ~r -  a met hod of e f f e c t i v e l y  compressing the data rate of a

- -c’ rv aOera ’s c u t o u t  video s igna l  W~~s devised and the electron ics we r e

- tr , - t d .  It  was t h r c j ni ;h t~i-~~- use of this system that all the sub—

co - i t di ra on the Vidicon tube jar arrieters and Schlieren intensity

‘0/ac - S wer obtained .

-Tarcjot V lt-ogc-

When marke ting a commercial television camera , it is advantaq oocic

ircc r ;c r a t c -  an automatic sensitivity control circuit (ASC), into

ri p - cam era ’s electronics. This circuit is used to maintain a constant

i m P - u - u t ;  it over a large range of l ight  intensi t ies .  However , th i s

t uc-bs was ccn :cerned with measuring video output voltages related to

sit t er ni t scene intensities and therefore the ASC had to be bypassed .

The ASC c i r c u i t  i n i t i a l l y  in the camera is shown in Figure 13a . Thir

c~ rcui~ maintains a constant si gnal output  by va ry ing  the voltage to

t i c -  t -a r -;c - t through Ql6. In the modified arrangement , Figure  13b, the

c u r ; ~u t  from Q16 was disconnected . In i t s  j ilace , a manual  t cii ; -t

voltage c ontrol was used . An 18 volt DC c r o r i r n  e was b c - i t  1-d on the

camera ’s main circuit board and was connected tit t i~ - t a r t .  t t i - i c U l I i  Ri.

‘he Vidicon s e n s i t i v i t y  and co r r e spond ing  video s i c i n i l  csit ; ut
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Figure 12. Representative vertical output.
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Vid icon j  Fro n

VR6 VR7 R 155
220K lOOK , 240K

Board

044 045 016

(a)

Ri

From To Camera
Vidicon 

FBT Circuit

~~

a

~

:

0N 

¶1
Lj

6OK 

~!5~D 
~~~~~~~~~~~~~~

044 045 016 Power
Supply

(b)

Figure 13. (a) Original Vidicon light ; nc. it ivity - - i t s - r i  i t .

(b) ilodified light co-ric ;itivity circuit.
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leve l - said hi-  manually contr o lled. This control was placed d i r e c t l y

i n  t hr t~~levl u -r i mon it  ( c i  for ic a c y adjustments.

L - W e v c - t , t i c - -  ra n ge of u sable target voltages for the type of

n t iP- c d  was from 10 to 35 volts. Thus , in order to obtain

T i - c - -  rr , r t - cic .i sensitivity available from h ighe r  t a rge t  vol tages a 30-

‘colt V i kis -j DC power supp ly was used . Target voltages higher than

r8 colts w r ~ used :cruly at low light levels and then only for short

v i e w in g  t imes , because  the increased ta rge t  voltage resul ted in a

Irarratic ~i, rease in the dark current. In addition , high target vol t—

a~~c ’s irc iedsed the possibility of burning the Vidicon ’s photosens itiv e

I-i u i  -

Vi ii :cr. rube Parameters

Before using the Vidicon tube to quantitativel y evaluate an image ,

con - .dura t cri had to be g iven  to its per formance  characteristics and

ojer - ating parameters. The most important for this investigation was

t b — it d 7 r-dmic range , and to a lesser extent , the size resolut inn

ftc- dynami c range is a measure of the light intensity levels c-Lo t

be ciit- tect e d without appreciable  d i s to r t i on . The dynamic range ca-

- a l S O  be related to another parameter , the gamma , which is defined as a

ri - - S - c r c -  ot Fic .~ much light intensities are  expanded or compressed F,0r

oxanrup ie , a gamma of one would mean that there is no change in the ic -b - cia-

d i c  c-i p L tO re.

The size resolution is the image size above which the video s i q i o l

- i t j u t  leve l does not change with a change in image size.
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The t~ livision camera chosen for this investigation S - i c ;  a Sony

AV 3,~t9 r i - ic -’  V~dicon tube in this unit is a 2/3 inch separati- mesh

t i  ‘ -;~r -~4 b-hi ;, particular camera was si -usc -n because it has an addi-

tc -n Ji i Iiturfla~ video amp lifier that allows it to be used to view low

ht t-svc-l scenes. The line resolution of this camera is 500 lines

at the - c - nc - it-i and 400 lines at the corners. This was verified by using

t oe Stund ~ rc1 c-e~ t pattern shown in F i g u r e  14. The size resolution curve

src:wn in Figure 15 indicated that tne smallest line that meets the s ze

- clution condition is approximately 0.7 mm This line produced  a

plot on t~uc - X-Y recorder that was about 1 mm wide . This is the smallest

wi. ~~
— line on the t e s t  p a t t e r n  above which there is no signal  ampli tude

oh- sc -ge However , this was only impcrtant when a small ray or cautcon

~n a Sohiteren image was to be q u a n t i t a t i v e l y  analyzed

A curve of the increase in dark current as a function of higher

i n -  ~‘~~lt agcs is shown in Figure l6 As san be seen from this curve,

tcr ksr w~ th -he i5ns cc-ver in place, the dark current noise increases at

a rSj -ld n-ste as higher target voltages are used

Ire m;st important single parameter that describes the Vidicon

r ube s pe rtorma n ce is the relationship between the scene i n t ens i t y  and

t ie s:gnal -soltagec output from the camera , referred to as the Vidicon

t - r c - r ‘
~~~ transf e r characteristic curve , A series of these curves for the

t /pe 8844 Vidicon tube is shown in Figure  17 . These curves were t aken

h-f using n-cu tr sl density filters and r e c o r d in g  the cor responding  5 iqn a l

i c~~~ -it vob rages. An evaluation of the Vidi-;on tube ’s performance wa-

i c r - - poss ib le .  From these curves i t  appears that the Vidicon tube

has a d y n a m I c  range of about 80 levels cit i n t e n s i t y . This is below the

_ _ _ _  
~~~~~~~~~~~~~~ -~~~~~~~~_ --- --- - - -_
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1 ’- ;e i s ti;,u t -Sar i  bit- digitized by i i i -  Biomat ion  t r a n s i e n t  recorder .

A x;~ ; -tc- d , t i - i t  - i -rrstil — t - — r ise ratio for the 18—volt t a rge t  vo lt aqc

.s lower L u c j i ; u  ~~t ~~ i - c - h i- 4 1nc --r noise associated with higher target

- F- u i  t h u i t  discussion of i - c - format of the outi-ut signal and

c-he method anol~— ;,is is given in - i-cop ter V.

~

- -
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IV. THE SCi-?I.1 b-:id-:h S?:~ I l i-I

- 
i -  - l - - r so — -

A sd - n c - a t  t o o t  toe- Schl i -rc -n Syst Ott ~
c- tci i-~ is rin ;enc t od in Fi s i n

i s . T:cc.- s o t - - c  c - i n k won -c s.rc c - t r c s t e 1  ot 3/4—inch ti - , i ’ l :  Lit-xar and t i c-- i  ired

31 inc c-c lonc- ~ , 20 inch --- - wici c- , and 16 unches d’s;: . ‘i- c-c-,— nr ,o i-s holes -were

i t  15 ‘ n . -  -
‘ n;Ies and p1 -ic - c - -blass -w in-low: - : . - c - ali t-- i - ~o -~ t t-

w u t -  n s — J . s  c- s n c t i i n  s ocial glass as the S t- i S  i-ar-i 1/4—inch - c- ok pr-cveu 

- - l i - ne  t ide of the c - S O n-c opposice c- -c e- ‘ t  ~ :. - - ~~~‘ - c  ~ri — . t i 1 l a —

ion w x  ts:t - - d with sic-cc-ic moldinn’c clay . This -slay i - - 5’.c-il ‘ So  S

von.’ efr e-t ti ve ‘soc-id absorbent  and no t et  lc- - sn. wero -50 :- c- ry ’ d f t o r c

side of c-he c-ink thrcssc~:;o-it t n t  c - a ir  s i ;  of c - i - .-: n rcc - - ’-st~ ga’ 1 ,~~i -

JO~~r .sl1 y th0 light source -was a c c s ’S S tt  mercury iamb - , S-ut as

i - c  i:-c-c-ded the fl - c: c- o i J r -oe was ch,inqe 3 r a heneral Radio

T y e  l 5 3~~—A Electronic Strobotar Thrc -- instrument sos a f1ac-h~ ng rate

r s ng~~r : ~ from 110 to 150,000 flashes per fl,rc -ac - c - . The ran ge used for

this -c - i i - .  had a flash dura tion of about 0,8 ,.sec and an :cuti- --st

incensi t-, ot one million beam candles. The strobe , although triggered

by an Internal oscillator , could also be triggered by an external one

viii positive pulse. The light tube was xenon and was mounted in a

~O refle :tor . However , during the experimentation the reflector was

r -mt ”ed because corrugations on the reflecting surface interfered wits

c-ne final focusing of the lig ht source. Ifl~~tc--suc:i , the xenon tube was

mounted in -a 2—inch diameter aluminum cylinder. The lenses Ll and L2

were coated achiornats mounted in a similar 2-inch diameter aluminum

t ube , each with a focal length of 81 mm and a diameter of 45 mm . Thcse

lenses were used to focus the br ight filament of the xenon tube onto the
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IJUSt t i - l ’ ~ - - lit or p i n h o l e , c - i. The oi- c:riinqS of the slit n - c r c -je ll from

- ‘~ - r a j  t n - - c  ~r i-i - t h s of an inch t ‘ - 1/2 inch , and the pinhole  d i  a m c - c - ’ - r s

it c r c - ; i t - - J  -n st- cc - ia1 t i - S~ ti - - i n i - ti - c ~~~c l i- c c - it  70 i_ ti ou :aridth;; of an ir,ci-,.

I~~c - c - r in t i - i s  i c - - i  , t i - i ’ -  re1-~tive merits of a slit and a pinhole are

di scusse- !. It will be shown t i - c i t  c - i - , - r  are only o . - n r , i i n  c o n f i g u r a t i o n s

w i-ic -n -i slit proves to be ac : s s -i - ct a b le  for -nua r it i tat I ye d-t ’rmin at ion s

The u i - i - i t  from the sli t , considered as c - i - cl - l i - ui - c- -~~utc c- , was

coil s- , c - -- - i  P an Aero—Ektar len :; with -i f~~oal length of 12 i ncoh c--; and

i i  icc - c - er - 1  i - - c s  mm. i-bc - sc- lenses a r t  uco ci in high altitude i--i -io t c ’—

gr aJ i- ic -- and thus are color-corrected and of high quali c--. The xenon

tube, the o::inromats , and the Aero—Ektar were adjci cc c --i for the br c-:i - tec t

and ttust uniformly collimated l i - t i - i t  beam ; c - t s  l i g h t  beam was thc --r i

i - - a c - t ed t h r o u g h  t i - i c -  ‘w in d ow;-: of the water tank.

A l t h o u - :j i - -  h i - g h - c cu a l r t ’,’ lenses were used , there was considerable

ilL rfi c u l c - -.- in obtaining a l i -i - F c c -  beam with a very uniform intc-nslt-,- over

c - - cross cc -- c c-ion . But t h rough  e x p e r i m e n t a t i o n , it was found that if a

very shor t focal le n gth  lens , L3 , was p laced just before the slit , a

collimated beam with a very uniform cross—sectional intensity rc- ;-ui ted .

After p a s s i n g  th r ou gh the windows of the water tank , the right

beam was tocused by a second Aero-Ektar onto a glass plate , S2 . The

-i:and Aero—Ektar was similar to the fcrst and the glass p lot ’- was

placed  at i t s  secona focal point  The image of c - i - i .  l i gh t  s o ut c e  was

thus focused on the glass p la t e .  An opaque 5t o j -  J u t  b c -i - c- n c c u c u i - c  c- -

bloc k out the source image was situated on the n it - , and r i - - u -

W i t r i o c i t  a disturbance in the water tank , there could 11 cc -  Ii ’ any  it ti - c t

a ~si nq c-he g i~ c;,:- p l i t e .  The light source , achromats , slit , A erri—F k’ -i r- -,
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tr~i ila c -,s platt- w i t  i t -  n c i n c - - 1  on a -1— rn -- c - o r Ealing i-recision opt i sal

h- c - i- - h , c c  - - - i iow f l  i n  F i q u n i -  i~~.

became- cvi i -n t Jar ing this rc:-~’c in ch that lenses of the i- i-i - ;. - -~ t

j- .1,i l c t w ~- r -  - a necessity for a i oi --t- i ly firs t i c  i i i  nc-i - Sch l ie r e n  sy : .t ’- r c .

The higher ti -cc- lens quality, the shurper the source image and nbc -

sharpe r the ;cc-lcarat ion of t i - i c -  d i f f r a c t i o n  o r d e r s .

Located behind the glass j-1.st, was a Calumet view camera with a

removable Synchro-Comput shutter and a removable ground glass viewing

screen . -The camera was movable and was I~~;:itioned to give the - ; i - !a r l . -cc t

image of a sample situated in the water tank . A Polaroid film holder

was placed in front of the ground g la s ;  viewing screen and Polaroid

Type 51 high-contrast film was used to photograph the Schlieren image

pr e v i o u s l y  projected on tfle ground glass plate .

The :-5ny CCTV camera was mounted behind the Calumet view camera

and It—  standard fl 8 lens focused on the Schlieren image . However it

w a s  sc:’n d i scovered  that  due to the increasing angle of the light rays

w.th distance from the center of the image seen on the ground glass

~c1a t c- , quantitative Schiieren measurements were questionable. Because

ot the long focal length lens needed to resolve the diffraction orders

(d~ ;-,cussed later in this chapter), the Schlieren image on the ground

q1 - i- -s plate was large and rather dim, This was evident on the tele-

vision mon itor as only the central portion of the picture was of good

v i - w i n g  q u a l i t y .

A method to overcome this diff~ cu1ty was devised. The ground

glass j u t ’ -  on which the Schlieren image is projected was removed and

the television camera was toc-used on the aerial Schiteren image.
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Figure 19. The Schlier- n system.
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However , in order to image the whole .- c:hlieren picture onto the Vidicom

tube , a series of auxiliary lenses had to be used . Two of these lenses

WE r i  achromats  w i th  focal lengths of 80 mm. These achromats had a

d n ~~mc - -t c:- r of 40 mm and were mounted in an a luminum tube . The other lens

wan: a c- - lescope eyepiece with a focal length of about 25 mm . This lens

Wa;. mounted in a Iil c--c-e of aluminum tubing that fit over the section

containing the two achrornats . The entire assembly was secured on the

front of the 1.8 lens on the Sony camera. The camera was moved right

up behind the glass plate with the opaque stop. Thus, all the light

that formed the aerial Schliereri image was collected by the first lens

and the light rays were progessively bent so as to focus the entire

Schlreren image on the Vidicon tube .

The resu l t  was a marked increase in the intensity and uniformity

of t h e  Sch l i e r en  image seen on the monitor. Therefore meaningful

q u a n t i t a t i v e  measurements could be made, u sing this arrangement it

was possible to view the Schlieren image with the CCTV camera and then

by moving the camera back to project the image on the ground glass plate

of the Calutnet view camera and photograph i t .

The Sc h l ie ren  system ’ s optics, when properly aligned , were of such

high quality and the light beam so highly collimated that the Schlieren

~mage viewed by c-he CCTV camera did not suffer any intensity changes

when the large overhead room lights were turned on
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Transducers

In this research there was no attempt to secure any of the

commerciall’,- available transducer assemblies. Instead , simple devices

wore constructed using small discs of ba n ium titanate and lead

zirconium titanate . These discs had diameters ranging from 2.5 cm to

1.2 cm and thicknesses of 0.6 cm.

The discs were epoxied into lexan and copper holders. In all

cases an air gap was left behind each disc as it was epoxied. It is

believed that this resulted in a more uniform acoustic output and

allowed more power to be radiated into the water (Breazeale and Adler ,

1974). A motorized positioning device was constructed which enabled

the transducer to vary its angle of incidence with respect to the

sample,

Tradition dictates that the best way to deliver the maximum power

to a crystal and thus into the water is to match the input impedance of

the transducer to the output impedance of the driving amplifier . How-

ever , matching a transducer over a broad bandwidth is a difficult task.

Instead of attempting to match transducer and amplifier , it was decided

to use a new generation of power amplifiers recently made available.

These solid state instruments developed by Electronic Navigation

Industries ~ENI) utilize the latest hybrid combining techniques to

achieve the highest bandwidth and power output of any comparable

amplifier . The great advantage ENI amplifiers have over conventional

amp i~ fiers is that although they all deliver maximum power into a 50-ohm

load , ENI amplifiers deliver their maximum power rating into any load.

The difference is that the power reflected due to a mismatch is absorbed
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ii i- - k i t c c - c~ c- r n - -  amplit ier . 1-or c--x -ir r i j~ le , a 10—watt conventionai amplifier

m :~jh t J . - l i v o r  2.5 w a t t s  i n c - - s  a 25—ohm load while a comparable ENI

cn n - l i t  Len -w i t l l  d e l i v e r  i watts L I t O  the same load and absorb one watt

A M~ - Jc - i  24c-L ENI ampli t ie r was selected as the power source f -j r

c-hi :- i n v e — t n - i - a t on . Thi.- arnplirier has a frequency response which

cocers 20 Kr i z  to  10 Mhz and cars supply 150 Watts of C.W . and pu l s e

p o w e r .  Th is  type of power ampl i f i e r  makes it  possible to dr ive  the

t r a n s d u c e r s  at different frequencies without attention to matching

requiremen ts.

The input signal to the ENI power amplifier was supplied by a

Dranetz series 206 digital tone burst generator . The series 206 uses

the output of a i-lewiett Packard Model 606—B AC signal generator as t n ~.c-

trigqer~ ng source to generate a single burst , a repetitive burst , or a

: a n t. nu o u s  signal output. The length of each pulse can be varied from

10 sec to several seconds w c t h  periods rang ing  f r o m  0.1 i-ssec to

999.9 usec . Alac a square wave output and a pulse output can be delayed

with respect to the primary pulse In this study the positive pulse was

used to externally trigger the General Radio Strobotac for operation in

t he  pulse mode . The i n s t rumen t  a r rangement  for  the Schl ier en  system is

shown in Figure 20.

Various Modes of Operation

There were two modes of cperat lon  used in th i s  study : ti -cc - contin-

uous mode and the pulsed mode. Iii the continuous mode , the tone burst

generator controls were all set on their continuous settings and the

t robe ligh t sc-’t to work on it- - internal trigger. The result was the

Schlieren image shown in Figure 21.
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Figure 20. Ins t rumen t  :cet a ib  for Schlieren cyst em.
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In the i--ulsed mode of opt -c a t  v-n the t ori r- bur - - j t  n~enic-nati or 5 c-c- ri—

tr - ,l~ were c-n on rh - -il pu~ - - -ct cctting s and the auxiliary positive

p-u1s-c- wa.~ used to r cjc i - c - r  the -,tt shcjtac ., Using a :-,t i nc rt pulse ’ ~~~~~~ t o

n : , ,  t r c n s i t i c - r  and time deia ,’inc~ the positive pulse triggering the

Str ccb ta , a s i n g l e  pulse of acoustic energy appeared in the Schlieren

tic -sql- Varying c - i - c -  t ime delay then  made the pulse move across the-

Sch l i e ren image as shown in F igure  2 2 .  The pulsed mode of operation

p r o ved t o be especiaily valuable since the use of short pulse lengths

and t:cc- -ar~j- r opri - -ic - c- time delay allowed only the reflected and trans-

mi tted pulses to appear.

F orma t of t he  Output Signal

Fig ure 23 shows a ocntcnuous acoustic beam incident on a c-tv n St - c - i

p -ote The corresponding vertical intensity scan as it  appears on the

X-Y recorder it also shown . Proceeding from top to bottom on the

i n t e n s i t y  scan , the first peak is the vertical synchronization pulse

and the flat piateau is the vertical blanking pulse. The next peaks

are the inten sLties of the incident and reflected beams and at the

bottom , the vertical synchronization pulse and blanking pulse are again

present

The line A—B represents the Vidiron ’s dark current noise at a

j -irticular target voltage when the cap is on the camera ’s lens. When

power is not applied to the transducer and when the lens cap is removed

from the  camera ’s lens , the line C—D is a measure of the intensity of

the background illumination This background light is a result of some

of c - P t ’  focused light from the source bypassing the opaque stop on the

glass plate. If the lenses had been perfect , the background level would

— - —,.~-i---__~~~~~~ ~~~~~~~~~~~~ 
- —-



-- -~i~--- - - -  — —- -—---- ~~---w--- -
~~~~~~~~~~~~~~~~~~~~~~ -— - - 

~~~~~— -- - --~~~~~~~~~~~~~~~ - 
— -  - - -  —

5

1 2

Figure 22. A 20-i- sec pulse incident on a st’-el plate. Freduc-nol,-
4.62 Mhz. Each photo l0—i-~sec later .
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n ave r - - i - n -  i r c c - J  ~ t I rr :t A— B . A;— owe- n was up-p lied to c - h i - transducer ,

p e ak - - - : c - i - - r t ’  - - : . t : r -, - ;  the m r  - i  , i c - i - - of ‘i - i - -  u s  i d e - n t  and reflected 

.tc: beam- - bc- -came visible. For uci. ir ,tntati ve determinations , thc--

m t  -- ncs ic-y mc - ’~’els of ti - ,c - peaks were taken w i t h  the ver t i ca l  b l a n k i n g

I -o ~ se as the Z ’ - L ~~ level

ritic at ijonstants

As -discussed in T:hapter II , it was nece- sary to conduct the experi-

ment within the range where only phase modulation of the light by the

a c ou st i c  beam was present , i.e., the Raman-Nath region. The critical

~ons t un ts in the region of phase only modulation are:

Q
k L

1 V = k u 1L O~~~ \)<2 .4

The values ~ f Q for the range of frequencies used and for all trans—

d-~cer n f~~~u :ot ons were in all cases below unity.

Tr:1- 51: ’ verSus the Pinhole as the L~ ght Source

I r t h i s  invest ig - : i t~ -on considerat ion was given to the type of llght

~~‘jrc - e - u~ i In studies on light diffraction , investigators have

used bc-u- b si:ts and pinholes, but they have not indicated how each

a~ ie:c- tb-s vrformance of t n c - i r  Schlmeren systems .

It c-ne ~n~ tial arrangement of the Schlieren system, a pinhole was

u — - ’ d  as c-Pc - liqht source. However , in order to attain the brightest

im ag e poss b~e, thc-- pinhole was replaced by a vertical slit. Slit

-cjccninq~ as small as 0.004 inch resulted in very bright and high—qualits

S0hlieren mm aqc - - , whereas pinholes with diameters as large as 0,016 ~nch

dId n:t p r odu v- Schlc-r’ren images of the same quality.

- --~~~~~~~~- -~~~ - - - -~~~~~~~~ -- ~~~~~~~~~ ~~~~~~~~~~~-- --
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i- - - c - i  , ,i ’; c - i t t -  d c -v t -Ic -i - 0,-li t conc- c r i -ae d , it was soon evide. ‘

a Schl~ system to f unction con iecti-, at all sound hr,arn ang les ,

a j .  c - n b c - h : -  i--a-i to be used us t i - c -  ligi -it s’,cun- :: e - The reason becomes clear

r F :  i - a r e  24 . c  is examined . li - c e diffraction orders produced because of

n, - i - - i - c a s e  rn~~— iu la tion  of c-bc -- l i g h t  occur onl y in the d i r ec t i on  of propa—

o~~c - : r c  of tOc - aco u~ t i c  beam . As the beam angle is changed from 0 to

9 , c - c e positions of the dm ffraction orders are also changed . In this

wa y, a :~~u t ~ -; refl ’- - - :t zoncc and transmissions that  occur at other anqic- :

art . n - .. - -ivc-d f rom the opaque stop .

I f  a c’ nrn ca l slit is used as the light source and the sound beam

is a~ 90 with respect to the vertical slit , the diffraction orders

‘-~ parate from c-bc - opaque stop in the usual manner. However , as the

beam angle ~s changed to , Figure 24b , the position of the diffrac-

tvc r orders also changes with the result that they are not all resolved

from the opaque stop . T h u s , light intensity losses occurring at angles

c c - c - e r  than 90~ c a n n o t  be directly related to acoustic losses

With the hng h quality of the Schl~ eren system s optics and with the

extreme sensit~ vity of the Sony CCTV camera the lower light levels

assoc.ated with a pinhole light source proved to be of little concern.

‘b~ear , bn~ ght , and uniform Schlmexen images were present at all fre-

:;-ue -n:ies. In most cases the transducer voltage had to be lowered so as

not to dric,e the Vidicon tube into saturation .

Low Frequency Limit

~s the frequency of the acoustic beam was lowered , it became

increasingly -difficult to resolve t!t: f i r s t  d i f f r a c t i o n  order  and the

blocked out z- n - c c - h  order This was especially r u s - ~ when the slit was

______________  
- - - —  - —~~ —- — -~~~~~-~~~~~~~~ 
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r~~l l I - ~~-i by a pinhole. fcc - la rger  ~1 r a c - i e r , r  pinhole n- -ult--d in a

la n- i - c r stop on l
~ti ; - c i - J i S s  j-~l -~te .52 l’hus a t (‘cs I r i -:u -ri s --s the fir t

diffr a ct ion order -imd not t - t a ll y re-~ olie itec-if from c - i - : : -  oh-- a-pie s~ c- i - - .

The cc ~nd :tmons under which t int - d~ ff rsc - : t b r  orders are stui l

resolvable tn t -  qiven by:

n c-
scn ’ i = — ~ 

, d = F 0
- n

whe re f o r  - m a l l  ang les

The di5~tanc-c- b e t w e e n  ad j a c e n t  o r d e r s  is now ~;ive n by:

d -
~~°~

---

n

f - ~-

when-s b ~s c-he width of the stop .

Thus it foliows trac the use of a longer  iocal l e n g t h  lens would

lower the  w o r k I ng f r e q uency of the Schileren system . In this par t ic-

u1a~ ~‘ 5tem with its high sensitivity , even if par t  of the f i r s t

diffra ction order waS 5 n t  c - a l l y bl ocked ou t , quan t i t a t ive  measurements

we r e s t~~ L L  possible - The p r a c t i c a l  lower l i m i t  of the  Schlier en sl s tem

was about 300 Khz .



— ---~~~~~~~--—-- —----- -----~--- 

‘~1.i

V. kl-~.- ULTS 1,I-bs D 1 / / U . 5 S  I c .th

\ - l : -or~ :- - -.n r f j - 
-- 

::cs:acterlst lc : c-

In -o r -ni -- n t o  make quant~ tatc ve Schlieren measurements using a

clooc --d cii curt tri evision camera , th e -jun i a t n ~on in r e : - r s r , s c -  acr e s 5  the

V~~d icon  tube~ s i - - ’n ot u s e n s  . t v e  out ta-:: f~~d t o  toe- - - ,s.~l u a tt c d . T h u s  wa.

i-~~~r f n~~~~-i in the follo wi ’-ci- manner: rh o opac~’ c- flc-op was removed from

the glas~ plate , S2, t n u.~ i l ium in a t ~~na the - l i - d i s c -n  tube wi th  tn  ful l

intensoty and t h e -  o n c - m n e  cr o s s  c i : t 5 o n  :f the collimated ligh t beam . A

n e u t r a l  d c - - n s : r ’: f i l t e r  was i-~la ed ~n t n t  c- tern to set the light ~ntur-

sit’~’ level  ~n a p o i n t  m u d w a y  ~n t h e  tobc- s dynamic range. As illu-

st r a t c - d  in F i g u r e  20 , t h e  v u - d c - c -  -soc -pus S~~~n a i  to the t e l ev i s ion  m o n i t o r

‘v at c-nu-c -ectc-- d ‘o one chan .sc i, o f  t n - ,- f o u r — c h a n n e l  scope wh i l e  the scope-

was external ly triggered by r:: c- h o r- iz o nt a~ b ’anking pulses present  in

c -bc v, ni signal. Thus the hcrczcntal scan lines were displayed over

the ru ll r ange of raduations appearing on thc- face of the scope

F :9sre 251 c:rc -~~ ai ~ntensity scans were tak€r~ at the center of each

of the eight bor~~zno rtal squares shown in F~ g-jre 25 , and were themselves

d.c-- Lded into n,.c-~- c e - c - c o n s ,  This divided the Vmdmcon surface into a

I c — -c o c -u r e  g r i d

F:90re 26 shows the result cf taking the intensity at the center

of each -qcare and compacing i t  to the r e f e c e n c e  level , li ne A — B.  The

r .- - - c p o n _ c -  h o r m z - o n c a . i y  a c ro s s  t h e  V id i c o n ’ s p h o t o s e n s i t i v e  s u r f a c e  show=

o n : y  tii 9ht -a c -mat r on . The only exception oscars near the Vidicon ’s

s~ dc-~ f{owe -~-r , ve nti c al ly t here :~~~ld be as much as a 10 to 15% dici-

i n  the V i d -c:n s response r h u - - , when -c -om pa rmng i n t e n s i ty  levels
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betwc -s-n the ~~~ ac-cd bottom port ic -ri. of ti -c e- picture , or Vidicon tube , a

:c 5 r n - - t i o n  had tc Pt m c i - c . c- the levels in the lower sectors.

- c c-~~k n J t : o r c  C u r v e s

The o u r v - -  produced in Figure 5 is in r-ffect the calibration curve

t o i  a S c - h l i e r e n  H c n t e m .  By increaslnq c - i - i s transducer voltage , which is

a m e a s u r e  of ti-c :- R a m a n — N a t h  p a r a m e t er , and m e a s u r i n g  the cor responding

lig ht intens ities , smm~ lar curves were obtained and are shown in Figure

27. Ti-nc-se curves indicate the range of transducer voltages t-hat lie in

the Paman-Nath region Therefore , using these curves , the light inten—

s~~ty at any poin t in a Schlieren image can be related to a corresponding

trarns dcccer voj,tage.

rt c- a lb i r a t i o n  c u r v e s  w e r e  taken in the f o l l o w i n g  m a n n e r :  The

t r - ar -- du c - - -- r  sei s positnoned so tha t i t s  output was in the center of the

l :i - i--,t beam and thu : positioned in the center of the Vidicon tube . As

b c-fore , the video signal was disp layed on a channel of the scope . The

bean ~mage and cor respon ding  ho r i zon ta l  scope display are shown in

Figure 28

The v i d e o  ou t p u t  level displayed on the scope was cont inuous ly

m :-nirored The camera ’s output level could not exceed 1.4 volts. If

the transdu:er toitage was too hogh , th e scene i n t ens i ty  was too high

and the V :droon t ube was -driven into saturation. In this configuration

a decrease in transducer voltage did not bring about a corresponding

de:reas-e in the camera ’s output s igna l  level

In p c - a - c - i c c - ,  the transducer voltage was increased until the

camera s signal ou tpu t  level war, just below 1 4 volts . Thus , a change

~ 

- —
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in c - c - ~cru du~~- volta - jc- - could be (k-tc-cts- d a c - n i  r - l a t i v e -  sound p r e s s u re

levels c i -  - - - - m O - c l  For P o lar o i d  ;cb:ctc - i- r api -i :-. and c - c c -  -p- r c c - r  al ‘/it-wl rn q ,
t n - t n -  2-i- - er voltages a.- . h u h -c as the Urue-ar amplifier would deliver we-re

ac- ed. Tb s tu - - -n u l L . , -l in clear and harp  photographs and b ru rb ht and

uni loum lily images

The c a l i b r  it ion  curves (I- uchune 27) were taken with the highest

c-ra n~ duc-:- n oltage that gave a coniposa~~e video output of 1.3 vol ts .

The transducer voltages were then decreased and the corres~- nding scene

- :‘ --r: -mt y recorded. The calibration curves ai- ,n plots of the applied

an:e d cccer vol tage , measured at the input of the linear amplifier ,

c - - n --u s  t he  recorded in t e n sot y  level taken at the center of the Vidicon

In a Sch lie ren  image , m n t e - n - c i t ,  levels are r e f e r r e d  to these

- d c -br a t ion sur’-~c-s and voltage levels are obtained . A comparison of

these  vol t ages , which are direc tly proportional to the sound n-crc -sour -cs,

resuits ~n relative measurements.

The rn --c-hod used to drove the transducers required that a calibra-

tion curvrc be taken at each of the freq-0encies used. Also , once the

opaque stop was disturbed the calibration curves had to be recheciced

Tbos was especially true at lOw frequencies. Obviously it was also

l mportanr that the water be kept clean.

Vidicon Tube Par ameters

To obtain the Vidicon tube parameters , the Schlieren system was

s e - t op  in  the same way as for the calibration curves , with a single

acOu StiC beam imaged at tue center of the Vidicon tube . The transducer

volt -a-nc - was sc-- c- to give a camera ou tput level of 1.3 volts. Neutral
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den s i t y  f~~I s - - r .  were  p laced in the light beam and the corresponding

d ecr cc~uc c e i n  c - h  camera ’ s Sc :brial output  level was recorded on t o - -  X — Y

r t - o o r d c - r .  The r esu l t  wa s in the sc-ties of transfer curves produced in

Figure 17.

An Example of ;u a n t it a tj o e  Schlieren Measurements

In a recent report, Hayek (l974 .r discusses the high—frequency

backsoatter ing and transr-~ ssion from thick elastic plates . Using the

Mindl or— plate theory, Hayek calculates the reflection and transmission

coe ffuco ents at insonifying frequencies above the coincidence frequency .

These are written as

cc

- c ’ 2
R =  

~ 
and T~~

2 -’- -----,- 2 i - ~ —--~-cc Pc

wit h
an -

The refiectaon and transmission curves for various ~ ‘s are given in

Fi-3 uc -Ss 29 and 30.

These curves were used to check the accuracy of the Schlieren

sy s t e m  and its method of obtaining quantitative measurements. A

O.0h4-inch thick steel plate with a coincidence frequency of 2.48 Mhz

was mns on if~ ed c-fl the water tank at frequencies above the coincidence

~rc--niuenc y. The exper imental p~-no ce--dure was as follows: In order to

have the acoustic beam image uniform across the face of the Vidicon

tube , the sound beam had to be perpend kcular to the light beam. This

cculd be done visually; however , a more convenient method was possible.

W i t h  the  video s ignal  ou tpu t  d i s r - I a v - : - u b  on one channel of the scope ~as



‘— 7

______________________________________  
0

I j
~_-~

_
~
___4---—----- 1 _~~~ 

0)

— v.1. — -
.

0 -.

—/ II 0
I — 

-
~~~~~~/ -5

I —
,

, 
— 0

I
, 

~~~~~~~ N 5,

1~~ ,-~~~/ — c  cc
-‘ 0 -

~~~— 
I 

(.0 -~~~ —
C an

I I
0 L 9

(9p) H 5ol0~ /4!MP~lI8H



- — - ---
~~

-- — - -
~~~~~~

-.-- ---- -.-—-- - 
—  —

~
--‘  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

_________ ______________________ 0,

I 
--___________________________

-
~~~~~~~

/

/ /

‘ 0

(9p ) ‘~~ j  601 ~~ — ‘SSO l UO!SS!WSU !~ij



- —,-- —.--—----- - -- ---- --- — — .-.-----.-.-- -
.----

~~~~~~- - 

~~—-‘-—--—r-~’~~ 
- ----—---- -~~

69

i-V lO is I y done) , ‘ he t r ~~~c-sIcs c c c i  p osi t i o n  was adj u:nts-d 50 thu  t the

cc- c- c - r a n t  i i  signal ::s-c-ci nin n cc ~ r e - - i -  a S  in Figure h a .  This was

o i s t - - r i t  w i t : , a u n i f o r m  c - m a - ; - . a c ro ss  c - tnt- f i e l d  of v iew and w i t h  bc .

sc o-ci-try - i  the d i r  f r a c t i o n  o n - i - c - s .  Shown in F igu re  31b is th e  h o r i —

cc c n t u l  - ‘wee-i- fo r  tOe ima - cn S- i n t  In-c i t ,’ when ‘oS-  acoust ic  beam was c-cot

p e r n c - - : c n l c u l - a r  t c  c - r i -  l i - b c - i t  beam

Ihe  i 0 s c ) r c i f n d c ~~ ‘sin o la c - - was oIjc j c - c- ’i so c - r u t  the ho r i zon t a l

S i  ;n a l  swe~-p an -c a r ed  us in F i g u r e  32 Trn iS  insured that  the- inc ident ,

r - :c c c - t e d  arid r - c ~ l c S tt i .~ o- c - n c  be-as image In t en s i t i e s  were u n i f o r m

across : --  f~~- -i2 c-cf ‘.‘ iec-.- , The steel p la te  in s o n i fi e d  at var ious  angles

c-f i nc idence  is  shown in F i u c r c - -~ 33 and 34. ‘ -c nc -ical inten ut- .’ scans

wet- take-n across each of t i - c  v r i s c : i - e n r , reflected and transmitted beans-

I~ - ho r . u z o n t a u  and v e r t i c al  p o s i t c o r c s of t he  in tens it ’;  scans were

r e : - c r d e d  and t~~c- i - er-c c - nt 0 -0 r r e o t i o n  tO the n o c - - a i t y  level due to the

var c - c - ni cc - -noo ns-- of c - Is Vidico rn sur c-~~:e- was calculated. In practice,

O f l i~~~ the lnt --n slty ic--v -Is Which ~~~~~~~~ n o c -  4rod c lUStc-S havong a d i f f e r -

ence .s response of ~c- i t - a c t  5% we re c o r r ec t e d , The reason being that

5 3 c - -  4’- ci~~f fc - r c -nce Iron me’c - ccc -crnent to measurement was apparently due

t o  rl ij c -n oc -io ns in ti - c - tr ansi e- :t recorder ’s digital converters and c-sc -

o.a r c-er a s video signal In c - c - O c t  cases corrections were only needed t o

he reflected lnt c - - n si ty i c - c - c - I S  since they fell into the lower pcrtior-

~ f he V i d i :j n  tc :b ‘S field of vc -ew The .orrections to the ref lectc -:i

c-ntens t-/ levels were on the ordc- r of 10 to 15%.

The corrected and uncorr -.-sted points were referred to the calibra-

tion cerves , and the r -’ --uit s of t i - n - - intens ty scans taken at different

angles and -l~ fferent ~
‘2’ s are il lu—t rated in Figures 35, 36, and 37

----- - -~~~-- — ~~~~~~~~~~~~~~~~ -- - ---- -
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A - c-an be sc -cl -n , the corr c--srsc d and uncorrected points differed by at

n~, - t  2 dB. When these curves are compared to those in Figures 29 and

30, it is clear that this method of obtaining quantitative sound

pressure- information directly from a Schlieren image has met with

.;i--cc-ctu’aular results.

li-cc-ce—Dimensional Schlieren Information

A method to obtain three—dimensional quantitative Information

d i r e c t l y  trots a Schliren image was also devised The sound field that

is imaged in a Schlieren system Is due to pressur e disturbances in a

plane perpendicular to both the sound beam and the light beam . However ,

when insonifying a complex structure , there Is scatterIng and trans-

missions in all angular directions. Figure 38 shows a method by which

the information appearing in any angular direction can be imaged and

scant :tat ivel y analyzed

The method consists of constructing a positioner that would rigidly

rotate the transducer and the sample in the light beam . Thus , acous—

t i ca l  sc attering in other angular planes can be brought into the

Imaging plane that is perpendicular to the light beam and acoustic

beam No data is presented as the above discussion is intended only to

demonstrate that three-dimensional problems can be visualized in a

Schlieren system .

Diffraction and -Transmission fo r  an Aluminum Wedge

Schlieren images of a 60- aluminum wedge insonified by a 4.62 Mhz

acoustical beam are shown in Figures 39 and 40. The sound beam and the

wedge were positioned as in the previous examples , of the insonified 
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3D Sa m p le (sp heroid)

A c Transd ucer

~~~~~~~~~~~~~~~~~~~~~~~~

/
D B

Scat ter ing in plane A-B which is perpendicular
to the li ght beam is the only p lane imaged in
a Sch l ieren system. However , t here is scattering
also in plane C-D which is not imaged.

C

Sample and transducer rotated to bring scattering
in plane C.D into view.

Figur- - 38. Three—dimensional Schlieren sI— stem.

- 
_ _ _



- - — -  - --  - ‘ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -
~T:~-~
;
~~:- --

79

~~~LL ‘C

~~~~~~~~~~~~~~~~~~~UIV

- _~
-J 

—i 

uJ

A -
~~~~~



- - .-‘
-
~~~~~~~~~~~ ---.--- -‘- — ----.‘- —  -- _

~~~~~~~ —~~~~~~~~~~~
‘- - ‘ —-- -

~~~ - --
~~~~~~~~~~ ‘—--.--- - -cc,’

~~~ 
~~~~~~~~ ~“

80

-Ii

It .0

~~~~~~~~~~~~~~~

-H
S

N

> 0 ~

‘Can(I, 
-r.4 0 5—‘-~ —a -~~

o.

~~ (I)
0C 
-“I

iio~‘Can

: 

_ _  __:

-TJ

I ~



- -“—-c—-—’- ~ --- c~~c~ n c ~ -— - - 
~~~~ 

- _  — . .—- - 

81

l a te , fo r  t i - c e  m- c ,c - c t  un i form image i c - t i - r c a  ity across ti - c -  f i e ld  of v i e w

Howe ver , t i - i n s  did not ap i - ic -ar  poscniblcn fo r  the t r u c - , - c m it t e d  beam , si c -n c - c

only a small p o r t i o n  nex t  to t h e -  wed ge a i - c i - --cared with uniform image

L r n t s n c - i t / ,  At this i - -cc -i c-c t no reason can be q iven  for  th is  phenomenon

o ther  than it app -ears  rh-at t i - n c  rca size in the transmitted he-ar Is at

the aize- r-cccolution lit it of the CCTV camera.

The spect ra l r e f l e ct ion s , t r ansmiss ion , and d i f f r a c t i o n  of the

in-c ident a c ou s t i c  beam were clearly visible. V c-rt n cal intensity scans

were taken at the positions indicated and the values referred to the

appropriate calibration curve. The results are shown next to the

Schlieren images.

Acoustic TransmissIon arid Reflection from Concentric Cylinders

Figure 41 shows two concentric cylinders insonified by a 4.62 Mhz

acoustic beam. Vertical intensity scans were taken at the positions

shown and the results are plotted beside the Schlieren image .

Spect ral  Ref lect ion from a Pro la te  Spheroid

A 4.62 Mhz acoustical beam insonifying an aluminum prola te

spheroid is shown in Figure 42. There is very directional spectral

reflection at about 20° and for several degrees on either side of this

angle of incidence . Vertical image Intensity scans were taken at the

posItions shown and the results indicated that this spectral reflection

decreased by about 12 dB. -This decrease appears to be consistent with

the low level of acoustic spectral reflections previously observed from

a spheroid. However , the strong di rect ional  re f lec t ion  at a specif ic

range of incidence was unexpected.

- - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ - - ~~ 
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Ti Si ci ’ .i SSiCfl and Re-I t--’:tiorc c- urn a r~c-lded ~ti-c -- l Plate

l~~o st--c- I plates we -re - welded t o-c j e ther  and in s o n i f i e d  by a 4 .~ -2 Mhz 

i c - i c  beam . The r e su lt  shown irc F igure  43 i n c - I c - c u t e - s  an abnormall y

t i r y e  amount of transmission thc - r c iqh t i -ic - welded j o i n t .  This was th e

fir st time c - i -- ic- this tape of acous t i c  t r ansmiss ion  had been obs~-rvc - d

and at i-resent it is inot completely understood .

A R ibb ed S t i - e l  P l a t e  I n s o n i f i c - n i  b2 a l;i-~~r t  Acoustic Pulse

bc-caca- -:e- of the lower fl-ash synchronization rat -- and the corre—

- i , o r c d in : i ly  h i  b -e r lc - q i- ct s-c nt i - -it of tin e- xenon tube , it was necessary to

c~~ke a c-n ew o a l i b r a t c -u r c  cucve fo r  each of the acoustic trequencies used ,

Af’ r t: c c- pul se image i-ad h c -~- !c aligned in c - ic - : same manner as the contin—

u cu s  sound hr- c - rn , vertical i c - - c t c -~ -c - it- ’ scans were taken at the brightest

and mo~ t u n i f o r m  par t  of the pu l s e  image,  and for  va r ious  t ransducer

v o l ta q e s .  The r e s u l t i n g  c a l i b r a t i o n  c u r v e  fo r  a 4 . 82  Mhz,  30—p sec long

a S ) S O t I C  p u l - e  is shown in  F igu re  44

Figures 45 through 50 show a r ibbed s te-el  jolare insonified by a

4 62 Mhz , 30 jcsec long acoustic pulse~ Note the strong spectral reflec—

~ic-r c back an the direct n o n  of the incident pulse. The results of the

c- ’er t i c a l  image intensity scans are shown beside each Schlieren image

Es oh cf the images were take-n LO , sec la ter  in time .

L _ _ _ _-
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Figure 44. Calibration curve for a 30-psec long 4.62 Mhz pulse
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1 - ;~~~4Mj t}-~’i AND CONCLUS 1( . N~

tJsi~i~ a ~~lu~; . .j ci~~~u j r  t i  ‘~ wij r~ camcra (CCTV ) , a method WVj

ie’.” l ’i- -d t o - J i r e c t l ’j  ~bt~~ i r ,  ‘~u~in t i t a t 1v e  sound p ressure  m e a s ur ’m  t t V

t r ~~ r~ t h e  sound f i e l d - i  imaged in  a i c h l i e r e n  system .

By ~~~~~ the ex: rJ t t imed  t orrn a t of the composite video signal and

i - -~~r i e -. c r  t i m e  de l ay  c 1r cu i t ’~, it was possible to take vertical

~. :~t~~n - ~~~~ s, -~r s  I~~ t a Schlie~ en image at any posit ion on the  te levis ion

V The method u sed the camera ’s hor izon ta l  blanking pulse to

a broadband , high-speed sample—hold ampl i fie r  This a m p l i f i e r

was t r i g g e red to sample eac!-~ of the ho r i zon ta l  scan lines at a selected

t i me ~n the h or iz on t s l  scan sweep and to feed th is  value  in to  a trans-

~e r t  r e c o r d e r . The s i g n al  was d ig i t i z ed  and a continuous analog

v o lt a g e  sL gn a l  corresponding to the b l a -k — w h i t e  in format ion  f rom a

S c nl i e r e n  image was d i sp layed  on a scope . The same analog signal was

i lso p lo t t ed  on an X-Y recorder .

Tt~e ease w:’-h which the Schlieren system can be operated is cvi-

‘P- - ’ t  f r o m  the fa:t that only a Elngle calibration curve at each fre—

q u e r r y  w~~~ needed . The curves platted applied transducer voltage

-~ . r - ~ the v~dec output level. Thus , by comparing the video output

~or several vertical image intensity scans on a Schlieren image , V

rela t~~ s sound pressure measurements were routinely obtained .

This investjgation also demonstrated that in a high—quality

Soh~. ieren system , lenses of the best quality must be used . The higher

‘he qual~ t~ of the lens , the sharper the image of the light source and

‘h e better the resolution between the zeroth and the first diffraction

o r der
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In  j r  * -t  ice , S i  ri syst em ma a 1 e~ have  a long fa ’~a 1 le ng th

~~ r~ r e s 0~~V e  t h e  z er ~~t h  ap i th~ f~~r i. ti d i l t r a c t i on  o r d e r s .  But t t ~~

r e , u l t s ,n  l i~~j~ ir d r~ L i c 4 h t i y  d i m  S ch l i  r~r image . A considerable

~~ ruv~-m ’-r . t. wa. b t i i ned by u s ing  severa l  ~h~~r t  foca l leng th  l en ses

r i d h r  b , Vh  i l l  th ~ )~~Vd i Vj U L  5 t ) ~~ to u l i O w  the  Sch l i e r en  image to be focused

J i r . :t 1. ar t i ,  sma l l  f a c e  of the V i thcon  tube ’s photosensitive cur—

t u r . - T~.i s  r a - - a lt s  i n  an ex t r eme l y b r i g h t  and h i g h - q u a l i t y  S c hl ier e n

rnuj ’- i’ -dl :ase~ where quantitac~ ve data was taken , the tran~- d’~~er

wi - . j ’- r ated at a low driv~ n~ voltage so as not to saturate the Vidicon

fri difference between using a slit and a pinhole as the source

~~~~ ala’: ~nve~~ igated Although the slit resulted in a brigh ter

S~ h lier ’n image, its use was l Lrnited to certain configurations . The

p~~~~ r~1~ ~as found to be the best source shape. It could be used at all

~~~~~~~~~ -i~ gies of incidence and thus was chosen for the imaging in

‘ h L~~ - ‘d y .

t - ’-~~r e  ~1 V t k

it ..c believed that the Schlieren system can be improved in

-~- -e ra~ ways A new trar.sducer ~irangement should be devised that

w o u i i  5 a~~e a beam with a more unifcrm cross-sectional intensity . A

m ore pr’~- se transduc’ec p-osit~ onIng apparatus should also be con—

t~~ucted . Trece would ensure a uniform acoustic beam at all angles of

l n o i d s r V rc

The ou~-p -~r of the transient recorder could be c3nnected to a small

~cmpu~ sr a”d the calibration curves and Vidtcon characterist~ c~ could
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~~t r .1 is i ’ e  Oi ’ -O ~~z y .  Jr t h i s ~~iy ,  vi rt~~cu l  1 r t e r ~I t t y  e r r a r i s if a

3 1 1  ~~~~ i , V !  15,~~ 
. 
~ uld i- - ~ifl ~~a r .  a i i i  ‘i. . r : -. 01t ~ r J V L i  tale er a v1d~ a

~‘~r t.1d~~t ~~~~ hV t ~~ irr ~j r  .v~ rr.ent w a l d  he t r ,  rian~ e the t e l evis ion

r r r j ;iri .; I ~5 f ri . wh~~~h i S  l i r i V u r  and waI ~~1d a r r ~~~~~~ V t  a h i 4 h -r run 4e of

i r a  ;
~ ~r .ter~slf i vels Cha r the ~ r e - -er - t 17 dB The Plumbicon ~r a  t h e

cv~ -r ar ire — -
~~ . t~~~rie t y ~ .ei- . An l r i t . : r  e.Vt n J change would be the use

a ~r. - ~~ i—li~~e te~~~~~V i r r ion system wh ch would  ~~ve superb picture

r~~d nrci  a i d  he used w i t h  the  pr e s e n t  system of analysis

-~~eat~~r caie mur,r be taken in canstructing the Schlieren samples.

rr r es ha ’:’- ‘ be k~ jt moeth and all angles kept close to 90 

V .r~~~c rr r-~~~so~~-r i~ r s  were believed to have been responsible in some

- -~-:e~ r t h ~ d~~tt .c’ilty in positioning samples so that the transmitted

- r i  r~ ’t l ’ . ’r~ ci beams had a u n i f o r m  in t en s i t y  across the f i e l d  of view .

V V
-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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